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T H E 
PHYSICAL REVIEW. 
ON T H E M A G N E T I C E F F E C T O F E L E C T R I C 
C O N V E C T I O N . 
B Y VICTOR C R E M I E U AND H A R O L D P E N D E R . 1 
A D E T A I I J E D discussion of the present state of the question 
of electric convection has been recently given in an article 
by Cremieu in the December number of the Journal de Physique. 
Contradictory results have been obtained, some seeming to prove 
the existence of a magnetic field around a moving charged body, 
others seeming to prove the non-existence of such an effect. 
In the same article the conditions necessary for a proper ex-
periment on electric convection have been clearly set forth. We 
shall recall that the realization of the following conditions is im-
perative : 
i. That the chaige is actually carried along — entrainee— by 
the body in motion. 
2. That only this charge can act upon the apparatus destined to 
detect the magnetic affect attributed to its entrainement. 
3. That, during its entrainement, the charge undergoes no varia-
tion ; in particular, that the loss by leakage is limited to a very 
small fraction of the total charge carried. 
In the hope of reconciling the contradictory results obtained by 
the various experimenters on this question of fundamental im-
portance, M. H. Poincare took the initiative in the fall of 1902 to 
bring about a collaboration between two of the experimenters whose 
results have invariably been in contradiction one to the other. In 
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accordance with the suggestion of Lord Kelvin, Paris was chosen 
as the most favorable place for these joint experiments, and M. E. 
Bouty gladly put at the disposal of the two investigators his labora-
tory at the Sorbonne. 
Accordingly, invited by Messrs. Poincare and Bouty in the name 
of the University of Paris, Mr. H. Pender, whose experiments have 
invariably given positive results, went to Paris in January, 1903, to 
work in collaboration with M. V. Cremieu, whose experiments have 
always been of a negative character. The Johns Hopkins Univer-
sity put at Pender's disposal all the apparatus necessary, and 
obtained from the Carnegie Institution the funds necessary to defray 
the expenses of the journey. The expenses of the actual experi-
menting were met by the Institut de France. 
W e wish here to express to M. H. Poincare and to M. E. Bouty 
our gratitude for their initiative and liberality. Through their in-
valuable aid in advice and criticism, we have been able to realize 
in three months an almost complete program of very delicate ex-
periments. Thanks to the most excellent organization of the 
laboratory of M. Bouty, we have not once been delayed by lack of 
apparatus or of any physical means whatever. 
Also it gives us great pleasure to express our gratitude for the 
liberalities of the Carnegie Institution, of the Johns Hopkins Uni-
versity, and of the Institut de France. 
Repetition of Pender's Experiments.—-Cremieu in 1899-1900, l was 
led to repeat Rowland's experiment, and, for considerations else-
where developed, he modified considerably the method. Instead of 
the direct magnetic effect, he studied the electromagnetic induction 
of a moving charged body. The experiment gave negative results, 
which persisted during a long series of observations, in spite of 
many modifications of details suggested by objections from numer-
ous sources. 
At the suggestion of Rowland, Pender took up the method of 
Cremieu, improving it in some details. His experiments were first 
carried on in the Physical Laboratory of the Johns Hopkins Uni-
versity and later in the country, free from the disturbances of any 
industrial center. The details of these two series of experiments 
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have been published elsewhere.1 The results were invariably posi-
tive, and in the second series the observed and calculated values 
accorded within less than 5 per cent. 
Pender brought with him to Paris all his apparatus, which we at 
once set up under conditions as nearly similar as possible to the 
original disposition. The only condition we were unable to realize 
was the same degree of mechanic and magnetic stability. Never-
theless, we were able to find again the qualitative effects of magnetic 
induction already observed by Pender. W e verified with a suffi-
cient degree of approximation the proportionality of these effects 
with the speed of rotation of the discs and with the surface density 
of the charge carried around. We also found that the effects of the 
two discs were superimposed or annulled each the other, according 
to their relative directions of rotation, and that the effect obeyed 
the law of the distance between the discs and the induced coil. As 
to the order of magnitude of the quantities observed, the deflections 
obtained varied from 58 to 800 mm., according to the values of 
the other quantities involved, on a scale placed 4 meters from the 
galvanometer. 
Repetition of Cremieu's Experiment. — Cremieu in the meantime 
mounted his induction experiment, the conditions being almost iden-
tical with those of the original experiment. However, the galva-
nometer previously employed had been destroyed, so we were obliged 
to use another. Also the conditions of stability were not so good 
as in the original installation. 
Al though the effects due to charging and discharging the disc 
at rest were not entirely eliminated, we obtained with a sufficient 
degree of certainty the same negative results as in the original 
experiment. 
Verifications in Cremieu}s Experiment. — In these two experiments 
we employed continuous metal discs turning between continuous 
parallel condensing plates. In the course of the repetition of Pen-
der's experiment we observed the following fact. When a voltage 
was employed sufficiently high to cause sparks to spring across 
from the discs to the condensing plates, the magnetic effect observed 
1Phil. Mag., 6th series, Vol. 2, p. 169, 1901 et loc. cit., PHYS. REV., Vol. XV., 
p. 291, 1902, et loc. cit. 
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fell practically to 2ero, whereas the potential of the discs, as meas-
ured by an electrometer connected thereto, showed a decrease of less 
than a tenth of the value observed just before the sparks began. In 
Cremieu's apparatus it was impossible to see such sparks if they 
should occur, as the disc turned in a completely closed box of cast 
iron. However, in spite of the fact that the disc and condensing 
plates were covered with a thin layer of caoutchouc, it was possible 
that such sparks might occur, as the distance between these pieces 
was very small. 
Only a galvanometric measurement of the quantity of electricity 
taken by the disc at each charge or the quantity given up at each 
discharge could decide this point. W e made this measurement, 
employing voltages from 1,000 to 5,500 volts. For 1,000 volts it is 
certain that no spark can occur across 3.5 mm. of air. As the 
voltage is increased, one should obtain currents proportional to the 
voltage as long as no sparks occur. If such sparks take place, the 
charging current should increase more rapidly, the discharge current 
less rapidly, than the voltage. Measurement showed that up to 
5,500 volts, the maximum potential employed, there was a strict 
proportionality between the charge and voltage. 
The cause of Cremieu's negative results was not then in this. 
Verifications in Pender's Experiments. — In the series of experi-
ments on " open currents " made by Cremieu l in 1902 with the aid 
of M. J. Jarval, certain peculiar magnetic effects were observed in 
the neighborhood of a node of electrical oscillations such as is 
formed by the turning disc in convection experiments. The condi-
tions for the production of these effects are sufficiently similar to 
the conditions in Pender's experiment, that one might believe that 
the effects observed were due to such oscillations and not to con-
vection itself. 
This hypothesis was rendered still more plausible by certain 
effects observed when the discs are charged or discharged at rest. 
These effects, though extremely irregular, are capable of giving to 
the galvanometer connected with the induced coil deflections of 
more than 100 mm. Moreover, these effects are considerably aug-
mented by the smallest hole in the electric screen of tin foil which 
JC. R., Vol. CXXXV., p. 27, 1902; and Jour, de Phys., Dec, 1902. 
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protects the coil. Again, as the tin foil is wrapped around the 
winding of the coil only, thus leaving the center of the coil open, 
any electric oscillation through the coil will suffer little damping. 
To ascertain if such oscillations played any role, we placed 
Pender's coil in a box of brass with walls 2 mm. thick, entirely 
closed. This diminished considerably the perturbations caused by 
charging and discharging the discs at rest, but the magnetic effect 
due to the movement remained practically of the same order to 
within 10 per cent., that is, as close as we could observe under the 
unstable conditions of the experiment. 
However, in Cremieu's negative experiments, the iron box in 
which the disc turns can arrest every magnetic oscillation tending to 
traverse the coil ; this box constitutes a perfect magnetic screen, 
which is not the case with the brass box in which we enclosed 
Pender's coil. In fact, it is well known that damped electric 
waves, such as those which occur around a body whose charge is 
rapidly varying, traverse without considerable alteration even very 
thick conducting screens. To verify this point, it would therefore 
have been necessary to put a magnetic screen around Pender's coil. 
The following method of procedure is, however, much simpler. 
If the effects observed by Pender are due to an oscillatory phenom-
enon, they must certainly be modified by any change in the circuits 
serving to charge and discharge the discs. 
W e placed in these circuits liquid resistances. They did not 
cause the effect to disappear; they merely diminished considerably 
the perturbations at rest. 
Again, we placed in parallel with the discs a variable capacity. 
The capacity of the discs was 200 C.G.S. electrostatic units. The 
capacity in parallel was an air condenser and could be varied by 
sixths from 166 to 1,000 C.G.S. This time the effect in motion 
was considerably diminished. The diminution was approximately 
proportional to the capacity in parallel with the discs. At the same 
time we noticed a diminution in the capacity assumed by the discs. 
(In all our experiments we used as the source of charge M. 
Bouty 's high potential storage battery, capable of giving as much 
as 14,000 volts.) The potential was measured by an electrometer 
connected automatically to the discs at the moment they were 
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charged. However, there was not a proportionality between the 
diminution of the voltage and the diminution of the deflection. 
The deflection dropped to one third its original value, whereas the 
decrease in voltage was only 10 per cent. However, we discovered 
that the discs no longer became completely discharged, and that 
the charge remaining on the discs was proportional to the capacity 
in parallel. 
These facts led us to study the duration and number of contacts 
necessary to charge or discharge a condenser completely. A cylin-
drical rod R, Fig. I, of ebonite, 120 cm. long, 
was placed vertically in such a manner that 
a brass ring B} 1 cm. high, could fall freely 
along R. At 10 cm. above the lower end 
of the rod were placed two metallic brushes 
C and D, opposite each other. The brass 
ring B in falling made contact between C and 
D for any desired interval of time, depending 
upon the length of the drop. The condenser 
employed was the same as that put in paral-
lel with the discs. The source of electricity 
was the high potential storage battery of M. 
Bouty, the capacity of which can be con-
sidered infinite in comparison with that of 
the condenser. 
The experiment was made as follows: 
First, was measured the potential of one pole 
of the battery when the other was earthed. 
One plate of the condenser was connected 
to earth, the other to the brush D. The 
brush C could be connected either to the free 
pole of the battery or to the earth. First, let C be connected to the 
battery, and let the ring fall, contact will be established between C 
and D as the ring passes. The duration of the contact could be 
varied between - ^ and - ^ of a second. After the fall the potential 
communicated to the condenser was measured by an electrometer 
connected permanently thereto. Under these conditions we ob-
served the following : 
Fig. 1. 
No. 6.] ELECTRIC CONVECTION. 3 9 1 
i. The potential assumed by the condenser was always inferior 
to that of the battery. This difference was inversely proportional 
to the time of contact and directly proportional to the capacity of 
the condenser. 
Next the condenser was charged by a prolonged contact with the 
battery and then insulated from it, C was connected to the earth, 
and the ring B dropped. The electrometer connected to the con-
denser then indicated if the condenser retained a charge after con-
tact. W e observed the following : 
2. The condenser always retained a residual charge, the value of 
which was directly proportional to the capacity of the condenser 
and inversely proportional to the duration of the contact. 
However, the difference between the potential of the battery and 
that taken by the condenser after contact was much greater, all 
else being the same, than the residual potential after the discharge. 
These facts explain satisfactorily the diminution of the effects of 
induction of the discs in motion when the capacity is put in parallel 
with the discs. The presence of this capacity decreases the vari-
ation of the charge at each reversal of the commutator, and, in 
consequence, the effects of induction, which are proportional to this 
variation ; further, the indications of the electrometer, which gives 
the maximum potential assumed by the discs, cannot be affected to 
the same degree. 
Consequently, it appears that the effects observed in Pender's 
experiment are due to the movement of the charged discs, as 
demanded by the theory of electric convection. 
Verifications Without Fixed Condensing Plates. — T o eliminate en-
tirely the questionable role of the fixed condensing plates, we made 
the following modification. 
Pender's two discs, diameter 3 1 cm., were placed opposite each 
other at 1 cm. apart, and arranged to . turn in opposite directions. 
Concentric with the two discs was placed a coil 34 cm. in diameter 
and 3 cm. thick. This coil, which was entirely enclosed in a brass 
sheath, consisted of 1,300 turns of copper wire with a total resis-
tance of 60 ohms. The commutator was arranged so as to connect 
this coil to the galvanometer synchronously with the charging and 
discharging of the rotating discs. The deflections of the galva-
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nometer under these conditions was much less than in the former 
experiments, on account of the considerable decrease in the capac-
ity of the two discs thus arranged. In spite of that, however, the 
deflection was sufficiently large to be measured, and the agree-
ment between the observed and calculated deflection was quite 
satisfactory. 
Here we stopped our experiments with the induction method. 
These experiments can, in fact, give no information in regard to the 
nature of the magnetic field produced by the movement of the discs, 
whereas it is essential to know if this field is permanent with the 
rotation, or is merely an instantaneous field produced at the moment 
of charging or reversing the charge, resulting from magnetic per-
turbations thereby set up. 
Experiments on the Direct Magnetic Effect. — First we utilized the 
same arrangement as in the preceding induction experiment. The coil 
was replaced by a delicate astatic system enclosed in a metallic tube 
so arranged that the lower needle of the system was i cm. above the 
upper edge of the discs, in a plane equally distant from the two. The 
tube was protected from the air currents caused by the rotating discs 
by a large sheet of mica properly placed. The sensibility of the system 
was determined by a test coil, of a radius equal to the mean effective 
radius# of the disc. The reversal of a current of i o ~ 4 amperes in 
this coil gave a deflection of 20 mm. on a scale 4 meters distant. 
The convection current possible to realize in this disposition was 
only 2.5 x I O ~ 5 amperes, and in consequence the deflection ex-
pected was scarcely 5 mm. Hence the experiment was purely 
quantitative. However, there was no doubt as to the effect. A t 
each reversal of the sign of charge on the turning discs, the system 
was deflected in the expected direction, but it was impossible to 
say, on account of the unsteadiness of the needle, whether the de-
flection was permanent or only an impulse. 
It is to be noted that in spite of the smallness of this result, it 
is nevertheless of great importance. Any perturbing effects due to 
the fixed condensing plates or to currents which might circulate in 
the moving discs, are entirely eliminated, because the first are sup-
pressed, and the second would destroy each other, as the discs turn 
in opposite directions. 
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In the above experiment, only a very small part of the discs is 
effective. The needle is in a very unfavorable position, for the mag-
netic field over the edge of the discs is very unstable, and further 
the needle is very poorly protected against the air currents, which 
cause considerable unsteadiness. These considerations led us to 
return to Rowland's original method. 
A single disc turning in a horizontal plane was enclosed in a box 
of ebonite, the inside of which, covered with tin foil, formed the 
condensing plates, thus increasing considerably the capacity of the 
disc. This arrangement allowed us to put the astatic system very 
close to the disc, in a region where the magnetic field is at the same 
time horizontal and quite constant ; and finally, the effects of the 
air currents were entirely eliminated. W e were therefore enabled 
to give the needle a much longer period, without having to fear so 
much the mechanical perturbations which might be produced during 
the time necessary for the system to complete its swing. 
This time the deflections obtained were considerable, 20 to 30 
mm., of the order and in the direction expected. But it was still 
impossible to decide with certainty whether the deflections were 
permanent or simply impulses. 
Pender observed in his former experiments,1 in which a perfect 
stability was realized, deflections which were undoubtedly perma-
nent, but he did not know at that time of the magnetic effects' which 
are produced in the neighborhood of nodes of electric oscillations 
such as formed by the discs, a description of which Cremieu has 
recently given.2 He was therefore not absolutely certain that the 
deflections he observed were not due to such oscillations, the effects 
of which might be easily confused with those due to a permanent 
magnetic field presumably due to the convection current. 
These considerations led us to modify both our mode of opera-
tion and the system used to detect the magnetic field. 
New Mode of Operation. — In all the experiments performed up 
to the present by other experimenters and ourselves, the effect ob-
served was always that resulting from charging or reversing the 
sign of the charge on the discs already in rotation. Of course, care 
1
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was always taken that there was never an effect produced by charg-
ing or reserving the charge on the discs at rest, which condition can 
be realized by properly enclosing the astatic system (or galvanom-
eter circuit) in a suitable conducting screen. However, the action 
of such a screen is both electrostatic and electromagnetic. Besides, 
it is well known that in the neighborhood of a node of electric os-
cillations there are produced rapidly damped magnetic waves capa-
ble of demagnetizing a magne t ; and such a demagnetization can 
result in a permanent change of the position of equilibrium of an 
astatic system. Moreover, it is unknown what effect the movement 
of the body forming the node for these oscillations can have upon 
the oscillations themselves. Consequently one cannot assume a 
priori that a screen which is sufficient to suppress any effect of these 
oscillations when the discs are at rest will also be sufficient when 
the discs are in motion. 
The following mode of operation appears to us to avoid all these 
inconveniences. First, charge the disc at rest, care being taken 
that this operation produces no effect on the magnetic system. 
Then insulate the disc from the charging source and set it in motion. 
The magnetic system should then, if the effect of convection exists, 
take a deflection increasing with the velocity, permanent for any 
given velocity, and returning to zero the moment the disc is stopped. 
An electrometric measurement of the potential of the disc before 
and after the movement will show if there has been any sensible 
leakage. 
As ordinary astatic systems are poorly suited for such an experi-
ment, we attempt to construct a system of a different kind. 
Experiments with New Magnetic Systems. — It is difficult to real-
ize, in most laboratories, a magnetic stability sufficient to allow of 
the measurement of magnetic fields as low as i o ~ 6 C.G.S. electro-
magnetic units, the order of the field in most convection experiments. 
Further, from the very nature of its construction, a sensitive astatic 
system always tends to drift in a certain definite direction, due to 
the slow and unequal demagnetization of the needles which com-
pose it. Another cause of instability is that the direction assumed 
by such a system is determined by the difference between the earths' 
field and that of the compensating magnets ; consequently any slight 
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variation in either of these fields will produce a considerable change 
in the position of equilibrium of the system. In particular, if the 
field to be studied is produced by oscillatory phenomena more or 
less damped, astatic systems become practically useless, since the 
demagnetizations which accompany these damped oscillations not 
only affect the system itself but also the directing magnets. Finally, 
in the case where the field to be studied is very feeble, it seems 
advantageous to increase the effect by using strong magnetic poles, 
but it is well known that the sensibility of an astatic system is inde-
pendent of the moments of the magnets which form it. 
All these inconveniences can be avoided, without decreasing the 
sensibility, by employing an extremely simple system. This system 
consists essentially of a light horizontal beam carrying at one end a 
vertical magnet, and at the other a non-magnetic counter-weight of 
brass. The whole is supported by a long, fine metallic wire fixed 
to the center of the beam. If the magnetic axis of the magnet is 
exactly vertical, the couple to which this magnet is submitted due 
to the earth's field will produce no action on the torsion wire. The 
beam will therefore take up a position due only to the torsion of 
the wire which supports it. To adjust the system to this condition, 
the magnet is first replaced by a non-magnetic needle of the same 
form and weight, and the period of oscillation of the system is de-
termined. The magnet is then replaced. In general the period of 
oscillation becomes much shorter and the beam takes up a new 
position of equilibrium. However, by adjusting the counterweight, 
an exact verticality of the magnetic axis of the magnet can soon be 
attained, which is indicated by the system again taking the same 
period of oscillation as when the magnet was replaced by the non-
magnetic needle. A magnetic system is then realized which is 
directed only by the torsion of the supporting wire. 
With systems of this kind we have obtained very great sensibili-
ties. Fo r example, for a magnetic pole of 20 C.G.S., supported 
by a silver wire 95 cm. long and .025 mm. in diameter, we obtained 
a deflection of 34 mm. on a scale 2 meters distant, for a variation 
of field of io _ 6 C.G.S . ; the period of oscillation being about 60 
seconds. When this system was placed near the disc in a suitable 
screen, it was absolutely unaffected by the starting of the motor 
and the discs. 
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However, an unexpected effect prevented us from obtaining what 
we had hoped. A t the end of about two minutes of rotation of the 
disc, over which the system was placed, the system began slowly to 
deflect, the deflection increasing as time went on, thus rendering all 
observations impossible. A t first we attributed these deflections to 
air currents set up in the screen containing the system by the heat-
ing of the condensing plate over the disc. This plate became quite 
warm on account of the violent vibrations caused by the rapid 
motion of the disc. But the " d u m m y " system, with the non-
magnetic needle gave no such deflections ; hence the effect could 
not be attributed to air currents. W e finally concluded that the 
cause of this effect was the following : The rotation of the disc im-
mediately below the pole of the magnet causes Fou -
cault currents to be set up in the gilded surface, and 
the reaction of these on the magnet produces either 
s a slow demagnetization or a change in the position 
of the magnetic axis of the needle with respect to its 
geometric axis. But be the cause what it may, we 
were forced to abandon the use of such systems. 
Returning then to the ordinary systems, we con-
structed a very simple one in the following manner. 
Three pair of very fine steel needles magnetized to 
saturation were arranged upon a thin sheet of mica 
as indicated in Fig. 2. This system was 6 cm. long 
and weighed about 500 mg. I t was suspended inside 
a metallic tube from a silk fiber about a meter long. 
A test current sheet, constructed in such a manner as 
to give a distribution of current similar to that which 
is produced by the turning disc, was used to deter-
N mine the sensibility of the system. When this test 
sheet was put in place of the disc and a current of 
i o - 4 amperes reversed through it, the system was deflected 120 
mm. This sensibility was amply sufficient, since the convection 
current realized in the experiments was between 3 and 5 x io~ 5 
amperes. 
But even with this system we were not able to realize exactly 
the experiment which we have described. The discs of micanite 
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which we employed are magnetic, and very unequally so at differ-
ent points. Consequently the system would take different positions 
of equilibrium depending upon the part of the disc immediately 
under it. However, if the disc is given a velocity such that it 
makes at least one complete turn during the time required for a 
complete oscillation of the system, the latter will take a mean posi-
tion of equilibrium, which will not change when the velocity is 
augmented. 
W e therefore proceeded as follows : The disc was given a slow 
rotation, the equilibrium position of the system noted, the disc,then 
charged, and the position of equilibrium again noted. Thanks to 
the liquid resistance in the charging circuit, the change in the 
equilibrium position was too small, if any, to notice. Then the 
speed of rotation was increased to its maximum, maintained at such 
for some time, and the position of equilibrium again noted ; finally, 
the velocity was reduced to its first value and another reading taken. 
In this way we assured ourselves of the following. 
There was a deflection of the system when the velocity was in-
creased, in the direction demanded by the theory of electric con-
vection. 
The deflection was permanent. 
It accorded quantitatively to 10 or 20 per cent, with the calcu-
lated deflection. 
From all the foregoing results, corroborated by those previously 
obtained by Pender, we can conclude that, 
A charged disc, having a continuous metallic surface, turning in its 
own plane between two fixed condensing plates, parallel to this plane, 
produces a magnetic field in the direction and of the order required by 
the theory of electric convection. 
There now remained two questions for us to solve. 
1. Are the magnetic effects thus obtained due to an actual en-
trainement of the charge by the moving metallic surfaces, or can 
they be attributed in any way to conduction currents, open or 
closed, produced by the relative movement of the disc and the 
condensing plates ? 
2. W h a t cause concealed from Cremieu the effects observed by 
Pender in his previous experiments and also observed by us in 
common in the experiments just described ? 
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Experiments on the Entrainement of the Charge by Continuous Metal-
lic Surfaces. — To answer the first question we first undertook an ex-
periment the idea of which is due to Hertz and the first attempt at 
realization to Rowland. Consider a plane ring, continuous and 
conducting, represented schematically (Fig. 3) by the circle NRMP. 
(5 ~ j y~ 
/M 
C 
P 
Fig. 3. 
This ring can turn in the direction of the arrow under a fixed con-
densing plate represented by the arc SSV covering only a portion 
of the moving ring. Let the arc covered by this condensing plate 
be 1 /nth of the whole circumference, let p be the distance between 
the planes of the two plates NRMP and SSV y the linear velocity 
of any point on the ring NRMP. Suppose J?^ charged to a nega-
tive potential K, and NRMP connected permanently to the earth. 
As each element ds of NR MP arrives opposite *S it will become 
charged by influence. If the hypothesis ordinarily assumed is 
true, this element should carry its charge along with it. In other 
words, this charge will be displaced with reference to the electro-
static field between NRMP and SSV which remains fixed in space. 
When ds arrives opposite Sv the charge on it is no longer retained 
by influence. As this is true for all elements of NRMP there will 
result from the movement a constant difference of potential betwreen 
the two points AT and A\ on the moving ring opposite 5 and 6\ ; 
consequently conduction currents will be set up in the ring, and 
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will be distributed according to the relative resistances of the sec-
tors NRNY and NPNV 
A magnet placed above R will therefore be subjected to magnetic 
field due to two causes, first, that due to a convection current in 
the direction of the arrow, second, that due to a conduction current 
in the opposite direction. If the needle is placed over P it will be 
acted upon by the conduction current only. Moreover, the sum 
of the conduction currents in NRNX and NPNX should be equal to 
the intensity i of the convection current. 
Let a be the surface density of the charge on NRMPX then the 
intensity of the convection current due to a ring 1 cm. wide is 
i = ay. 
But 
K 
a = 
47: f> 
Hence 
4irp 
Let R be the total ohmic resistance of the conducting ring. 
Then the resistance of NRNX is R\n and that of NPNY is 
R(n — i)//z. The conduction current in NXRN is then evidently 
The magnetic field at a distance above R great with respect to p 
will be due to the difference between i and iv that is to 
( n — 1 \ i 
1 I = + - • 
n J 71 
Similar reasoning shows that the field over P is proportional to 
— ijn. 
Hence a magnetic system placed over P or over R will show 
magnetic effects equal and in opposite directions. 
Rowland tried this experiment, but the smallness of the effect 
expected prevented his obtaining satisfactory results. W e tried 
the experiment giving ijn the value J^. The conducting ring was 
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thin gold leaf on an ebonite disc, the width of the ring being 5 cm. 
and the mean radius 14.5 cm. The ring was divided by concentric 
scratches into strips 1 cm. wide. The calculated intensity of the 
convection current was 4 x i o - ^ amperes. The deflections of an 
astatic system placed over P were in the direction expected and 
accorded quantitatively with the calculated values, within the usual 
approximation in our experiments, i. e., 10 to 15 per cent. 
However, by slightly modifying the experiment, we were able to 
measure the quantity of charge carried around with great precision. 
If the two points on the disc immediately under 6* and Sx are con-
nected to a galvanometer the resistance of which is of the "same 
order as the halfs of the ring NRMP, there will flow through the 
galvanometer a current easily measureable, since it will be a con-
siderable fraction of the convection current, that is to say, in this 
experiment, of the order of o _ 0 amperes. The gilding on the 
disc can be made extremely thin, having a resistance of from 4 to 6 
ohms per square centimeter of surface. The resistance of one half 
the ring on our disc was 6 ohms. W e employed a galvanometer 
of the D'Arsonval type (Hartman and Braun) having a resistance 
of 4.38 ohms and sensitive to i o ~ 7 amperes. Hence for a convec-
tion current of 4 x io~~5 amperes, the current flowing through 
the galvanometer will be of the order of 1.6 x io~5 amperes, and 
the resultant deflection about 160 mm., a deflection susceptible of 
great accuracy of measurement. 
The first experiment was to place two fixed metallic brushes so 
as to rub on the ring under the points ^ and Sv However, the 
friction of the brushes against the uncharged disc was sufficient to 
produce a deflection of about 100 mm. Moreover, the gold leaf 
was rapidly rubbed away, and the resistance therefore rapidly in-
creased, so that all we could obtain from this method of procedure 
were rough qualitative results. 
But by making yet another modification we were enabled to make 
quite accurate measurements. This was accomplished by employ-
ing the following exceedingly simple and effective contacts. At the 
extremities A A of the moving axle (Fig. 4), coinciding exactly with 
the axis of rotation and insulated from the axil, were fixed two very 
fine copper wires. Two small glass tubes, TTV all but sealed up at 
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Tl so that the opening there was just a little larger than the diameter 
of the wire aa, were so placed that the wires turned in the openings 
without touching the walls of the tube. Before these tubes were 
placed in position they were filled with mercury and electrodes 
sealed in the outer ends. These contacts proved extremely satis-
A A 
-—F ==>^ H h-^F ^ 
Fig. 4. 
factory. Their resistance when the axil was in motion remained 
practically the same as when the axil was at rest, an hour 's running 
producing an increase of resistance of less than five hundredths of 
an ohm. 
To return to the convection experiment. Two points on the ring 
C and D, diametrically opposite, were connected permanently to the 
two wires aay which in turn were connected through the contacts to 
the galvanometer. If now . S ^ is charged and the disc set in mo-
tion, there will be produced in the ring conduction currents dis-
tributed as explained above. But as C and D move with the 
disc, between these two points the difference of potential will be 
alternating, and consequently in the galvanometer there will be an 
alternating current, and hence no deflection. However, if in the 
galvanometer circuit is placed an interrupter actuated by an eccentric 
on the axle of the disc, and arranged so as to close the galvanom-
eter circuit during the half period while CD turns from PR to RP, 
a unidirected current can be obtained, for the difference of potential 
between C and D during this interval passes from o to o through a 
maximum corresponding to the moment when CD is parallel to xy. 
The galvanometer should then show a deflection. If the eccentric 
is shifted 9 0 0 so as to close the galvanometer circuit a quarter of a 
period later, this deflection should become nil, because during the 
time the circuit is closed the difference of potential passes from a 
positive to an equal negative maximum. Between these two posi-
tions of the eccentric all intermediate deflections should be obtainable. 
This experiment proved unusually satisfactory. The maximum 
deflection was quite large and the measurements made agreed 
within 20 per cent, with the calculated values, which, considering 
4-02 V. CREMIEU AND H. PENDER. [VOL. XVII. 
the numerous approximations which must necessarily be made in 
determining the various constants (surface density of the charge, 
relative resistances of the various parts of the circuit, speed of rota-
tion) is all that could be desired. 
F rom these results we may therefore conclude that a charged 
metallic surface movi7tg in its own plane in the presence of fixed par-
allel metallic surfaces carries its charge along with itself. 
Experiments with Sectored Discs. Cremieu's " Open-current" 
Method.— Having thus solved in the affirmative the question of the 
existence of a magnetic effect produced by the rotation of a 
charged continuous disc, and verified directly the entrainement of 
the charge, we returned to the experiments made with sectored 
discs. 
During the past year, Cremieu1 obtained with discs formed of 
insulated sectors magnetic effects which were quite irregular and 
without any quantitative relation to the intensity of the convection 
Fig. 5. 
current, which, in these experiments, was measured directly. The 
apparatus consisted of a core of ebonite 24 cm. in diameter, carry-
ing 18 sectors of micanite, 13 cm. long, separated from one 
another by 2 cm. of air. Only the outer portion of the sectors was 
iC. R., Vol. CXXXVL, p. 27, 1902. 
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gilded, the gilt covering a width of 5 cm. The moving sectors M 
(Fig. 5) passed between two charged fixed sectors St and at the same 
time touched a brush A connected to the earth ; they therefore 
became charged by influence. They then passed from under the 
brush A and the fixed sectors 5 and came around under the astatic 
system E. Beyond the system they met a second brush B con-
nected to the earth, thus becoming discharged. By placing a 
galvanometer between A or B and the earth, one could measure 
the charging current or the current resulting from the discharge. 
Certain peculiar phenomena of solid dielectrics, first observed by 
Cremieu, and to which we shall return farther on, led us to em-
ploy in our joint experiments micanite sectors entirely gilded, so as 
to avoid all penetration of charge into the naked micanite. The 
astatic system was suspended in a metallic tube connected to earth. 
To protect this tube from the electrostatic action of the moving 
sectors, which were at a very high potential, Cremieu employed a 
paraffined tube of mica fixed directly on the metallic tube. To this 
disposition there are two objections. Since the bottom of the tube 
is small relative to the area of the moving sector, at the moment 
when the sector comes under the tube there is a considerable in-
crease of the capacity of that portion of the sector directly under 
the tube. Consequently to this point there will be a flow of charge 
by conduction currents distributed in a manner impossible to calcu-
late, which can act upon the astatic system. Secondly, in conse-
quence of the peculiar phenomena of the dielectric to which 
reference has been made, the mica protectoi of the tube is sub-
mitted to a penetration of charge from which may result consider-
able perturbations. To avoid these inconveniences, in some 
measure at least, we left the metallic tube bare, but interposed 
between it and the moving sectors a large sheet of paraffined 
ebonite, which touched neither the tube nor the sectors. 
In these conditions, the passage of the charged sectors under 
the astatic system produced deflections qualitatively in accord with 
the effects expected from the theory of convection, and properly 
varying with the density of the charge and the velocity. As to 
quantitative agreement, that was not very satisfactory, but in this 
form of experiment the distribution of the charge on the sectors is 
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too indefinite to allow of even a rough approximation. Again, as 
the sectors rotate in the open air, it is impossible to eliminate com-
pletely the effects of the air currents, which render the system too 
unsteady for accurate readings to be possible. 
There now remained to find the cause of the repeatedly negative 
results of Cremieu's experiments. 
Essential Difference Between the Negative and Positive Experiments. 
— A n analysis of the details of the negative experiments led us to 
see that they all differed from the positive experiments in this, that 
in the negative experiments the moving charged surfaces and the 
condensing plates, when there were any, were always covered with 
a thin layer of some dielectric, usually caoutchouc. In his experi-
ments Cremieu found it desirable to realize as high a surface density 
of the charge as possible. To do this, he placed the turning disc 
and fixed condensing plates very near together, and the caoutchouc 
layers were for the purpose of preventing sparks between plates 
and discs. A priori, one could see no inconvenience resulting from 
the presence of the caoutchouc ; in fact, one would naturally sup-
pose that its presence would prevent leakage and ensure a more 
perfect entrainement of the charge, for, as the charge is carried on 
the surface of the dialectric in contact with the conductor, any 
slipping which might occur would be rendered less probable. 
To test the truth of these considerations we tried the effect of 
covering the moving sectors in the above experiment with a layer 
of caoutchouc. There resulted a considerable diminution of the 
magnetic effect, without, however, the intensity of the convection 
current, as measured by the quantity of electricity going on or 
leaving the sectors, showing a corresponding diminution. More-
over, the nature of the deflections of the astatic system changed. 
A t first quite distinct for the two signs of the charge, they rapidly 
became smaller, and at the end of several reversals became scarcely 
perceptible, especially when the sectors were charged positively. 
For the negative charge the diminution was less. Further, the 
deflections ceased to be proportional to the potential of the fixed 
sectors for voltages above 2,000 volts. Also, the charge going on 
the sectors became less than it should be according to calculation, 
and above a certain definite voltage, the charging current remained 
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practically constant, no matter how much the voltage was in-
creased. 
These facts made clear the cause of Cremieu's negative results, 
It is to be noted, that in 1900, in his first experiments on open cur-
rents, Cremieu observed a part of these phenomena. However, as 
he was eager to complete his experiments on convection, he did not 
stop to investigate fully these effects. 
We now undertook a systematic study of the role of the dielec-
tric, but due to the brevity of the time at our disposal, we have not 
been able to carry this study very far. 
As of the first importance in regard to the theory of convection, 
we verified the following points : 
1. When the continuous discs were covered with caoutchouc, the 
magnetic effect diminished and presented the dissymmetry of sign 
observed with the sectored disc. In these experiments the charge 
on the discs can be determined only by measuring the potential. 
These measurements showed that there was the same lack of pro-
portionality between the potential and the magnetic effect observed. 
2. A thin sheet of paraffined mica fixed on the surfaces of the 
discs produced the same effects as the caoutchouc. 
3. In Pender's induction experiment, we found that the mica 
diminished considerably the effects observed. For example, in one 
series of measurements we obtained the following deflections. 
Mm. 
Discs bare, condensing plates bare, 140 
Discs covered with mica, condensing plates bare, 100 
Discs and condensing plates covered with mica, 15 
These facts show clearly the experimental cause of Cremieu's 
negative results, but they do not explain them. Indeed, the role 
of the dielectric seems difficult to unravel from any a priori con-
siderations. 
From the facts observed in 1900 and in our joint experiments it 
seems legitimate to conclude that, when solid dielectrics are sub-
mitted to considerable penetrations of charge, they act as if they 
suppressed the electrostatic influence between the conductors which 
they separate. Moreover, for each kind of dielectric the penetration 
of the charge and the suppression of electrostatic influence which 
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results therefrom occurs at a certain well-defined voltage of the 
charged conduc to r—being independent of the value of the electro-
static field produced by this voltage. For mica the critical vol-
tage is in the neighborhood of 4,300 volts, for sulphur between 
8,000 and 12,000 volts ; for ebonite, glass and parafrine the critical 
voltage is above 12,000 volts. 
In the negative convection experiments the action of the charge 
on the metallic surfaces was rendered nil by the screening effect 
of the dielectric, or possibly by the neutralizing effect of the very 
considerable charges absorbed by the dielectric. But these are 
only suppositions — only a detailed, systematic s tudy of these di-
electric effects can clear up this very delicate point. 
Study of the Amount of Charge Carried Around Under Various Con-
ditions in the " Open-current" Experiments. — To complete our re-
searches we undertook a study of the apparent amount of charge 
carried around in the open-current experiments, with the object 
first, to make sure if the third fundamental condition laid down at 
the beginning of this article was realized, and secondly, to clear up 
a little more the role of the dielectric. 
The apparatus employed (Fig. 5) was the disc with the ebonite core 
OE carrying 18 peripheral sectors M. These passed between two 
fixed sectors S and at the same time touched the brush A; then, 
according to the direction of rotation, they either became directly 
discharged by the brush C, or first passed between two supplemen-
tary fixed sectors SL and then were discharged at C. The sectors 
S1 formed with each sector M a capacity equal to that formed by 
the sectors S with M. These sectors Sv connected to an electrom-
eter, permitted us to see what takes place, of an electrostatic 
nature, in the air around the moving charged sectors. A n experi-
ment consisted in measuring galvanometrically the quantity of charge 
taken up by the sectors as they came under A, and the quantity of 
charge given up at C\ also the reading of the electrometer con-
nected to KSJ was noted. The results were as follows : 
1. Moving Sectors M Bare, Fixed Sectors S Bare. — (a) Whatever 
was the sign of the charge, the discharge current was almost invari-
ably superior to the charging current, the excess being variable, but 
in some cases was as high as 15 per cent. This dissymmetry was 
the greater when the moving sectors were positive. 
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(p) On the sectors Sx the following peculiarities were observed : 
Suppose the disc in rotation, in the direction of the arrow 2, the 
sectors Sx connected to an electrometer, and all the rest of the ap-
paratus to earth. No matter what was the velocity of rotation no 
deflection of the electrometer was observed. However, when the 
sectors 5 were charged, so that the moving sectors M were charged 
as they passed between the sectors S, the electrometer immediately 
took a sudden deflection, which gradually increased, the more 
rapidly the faster the rotation. The sign of the charge on the 
electrometer was the same as that of the charge on the moving sec-
tors, while the charge on the sectors Sx was of the opposite sign, as 
should be expected. However, if the sectors 5 and M were then 
earthed, the deflection of the electrometer did not fall to zero, but 
indicated a residual charge on the sectors Sv which charge was of 
the same sign as that of the moving sectors. 
These facts seem to show that the rotation of the charged sectors 
produce in the surrounding air electricity of the same sign as that 
they carry. In accord with this assumption is the fact that the 
charging current is inferior to the discharging current. In this con-
nection attention may also be called to the fact that the loss of 
charge of a body in air is considerably less when the the body is 
in rapid movement than when the body is at rest. This phenome-
non was first observed by Matteucci.1 
A t present we merely state these facts with no attempt at an 
interpretation. It is impossible to say whether this production of 
charge should be attributed to the movement itself or rather to 
sudden variations in the field caused by the violent shocks given to 
the air by the rapid movement of the sectors. It should be added 
that we tried to detect a possible production of charge by placing 
in the air between a charged disc and earthed condensing plates 
small metallic brushes connected to an electrometer. The electrom-
eter showed no deflection when the disc was set in rotation. 
2. Moving Sectors M Barey Fixed Sectors S Covered with Mica. — 
W e found the same dissymmetry between the charge and discharge 
current as in the preceding case, and in the same direction. Further , 
for voltages above 3,000 volts on the fixed sectors Sx the charging 
1
 Ann. de Chimie et de Phys., 3rd Series, Vol. XXVIII, p. 385. 
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current did not increase proportionally with the voltage on the fixed 
sectors. When this voltage reached about 4,500 volts, the charg-
ing current appeared to attain a maximum, which could not be 
exceeded even for a very great increase in the voltage. 
Also, when the inducing sectors 5 were earthed after having 
been submitted to a charge for several seconds, the moving sectors 
continued to take up a charge as they passed under 5 , as indicated 
by a current continuing to flow through the galvanometer, but of 
the opposite sign to that impressed upon S, and this after-effect con-
tinued even for several hours thereafter without noticeable diminu-
tion. These phenomena were extremely irregular, the size of the 
supplementary currents seeming to depend upon the previous state 
of the mica and the duration of the experiments. 
A t the sectors S{ the same phenomena were observed as in the 
preceding case. 
3. Moving Sectors M and Fixed Sectors S Covered with Mica, — 
As long as the potential of the fixed sectors ^ was below 2,000 volts 
no anomalies were observed. Above 2,000 volts the charge cur-
rent became considerably greater than the discharge current. The 
dissymmetry attained even as much as 30 per cent. In the neigh-
borhood of 4,500 volts, the proportionality between voltage and 
charge current ceased, as in the preceding case. There were also 
supplementary currents after the inducing sectors were earthed. 
These could attain as much as 50 per cent, of the value of the 
normal currents when the inducing sectors were charged. But 
there was this peculiarity, that for the moving sectors charged posi-
tively they were in the opposite direction to the normal currents, 
while for the moving sectors charged negatively they were in the 
same direction as the normal currents. The sectors Sx took up no 
charge by influence. Even more so than in the former case did all 
these irregularities depend on the previous state of the dielectric 
and the duration of the experiments. 
All this shows how complex the phenomena are, and that only 
a prolonged study can fully explain them. This much seems cer-
tain, that there is a penetration of charge in another sense from that 
usually understood by the expression. That which seems to prove 
this most conclusively is that, in the third case above, the supple-
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mentary currents are obtained only when the two brushes A and C 
both make contact with the sectors. If either of the brushes is sup-
pressed, there is no longer a supplementary current. If the sup-
plementary currents were due merely to the ordinarily considered 
absorbed charge, this charge would gradually flow out through the 
brush left in contact, and therefore produce a current in the galva-
nometer, without the presence of the second brush being necessary. 
It seems to us that the mechanism of the supplementary currents is 
analogous to that of an electrophorous, the mica on our sectors in 
some way or other, being electrolyzed. 
It is essential, in any case from the point of view of the accepted 
theories, to know why the dielectric diminishes or suppresses the 
magnetic effect, and what is the nature of the action of penetration. 
Conclusions. — All that can be said at present of these accessory 
phenomena is that they do not permit us to affirm with certainty 
that the third fundamental condition of a correct convection experi-
ment is exactly fulfilled, particularly with sectored discs. But the 
following conclusions are certainly legitimate. 
1. A charged continuous metallic surface turning in its own plane 
opposite fixed parallel condensing plates carries its charge with 
itself. 
2. The entrainement of this charge produces a magnetic field in 
the direction demanded by the assumption of a magnetic effect due 
to electric convection, and in accord with the calculated value to 10 
per cent. 
3. Charged isolated sectors, moving in their own plane, without 
the presence of any condensing plates, produce a magnetic effect 
in the direction and of the proper size demanded by this same as-
sumption. 
It is not for us to say if these magnetic effects are really due to 
electric convection in the sense in which Faraday and Maxwell 
understood this expression, nor to decide if they are in accord with 
the fundamental hypotheses of the present theories. 
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